The sequestration of C02 in the deep ocean has been proposed as a way to mitigate potential climate change. In order to better understand the environmental impacts associated with such a strategy, a methodology has been developed to quantify mortality suffered by marine zooplankton passing through a C02-enriched sea water plume. Predicted impact depends on the mode of injection, with scenarios which disperse the C 0 2 showing the least impact. Benthic impacts also depend on the injection mode, with localized effects expected for any scenario in which the plume contacts the bottom. Based on available data, our modeling suggests that mortality associated with exposure to low pH can be avoided by properly dispersing the C02 and keeping the plume off o f the seabed.
OVERVIEW
One option to reduce atmospheric CO, levels is to capture and sequester power plant COX. Commercial C 0 2 capture technology, though expensive, exists today. However, the ability to dispose of large quantities of CO, is highly uncertain. The deep ocean is one of only a few possible CO, disposal options (others are depleted oil and gas wells or deep aquifers) and is a prime candidate because the deep ocean is vast and highly unsaturated in COZ. Technically, the term 'disposal' is a misnomer because the atmosphere and ocean eventually equilibrate on a time scale of 1000 years regardless of where the C 0 2 is originally discharged. However, peak atmospheric CO, concentrations expected to occur in the next few centuries could be significantly reduced by ocean disposal. The magnitude of this reduction will depend upon the quantity of CO, injected in the ocean, as well as the depth and location of injection.
Ocean disposal o f C02 will only make sense if the environmental impacts to the ocean are significantly less than the avoided impacts of atmospheric release. In a just completed project for the US Department of Energy (Adams and Herzog, 1996) , we examined these ocean impacts through a multidisciplinary effort designed to summarize the current state of knowledge. In the process, we have developed a comprehensive method to assess the impacts of pH changes on ocean zooplankton. The final project report addresses the following topics: near field perturbations, far field perturbations, impacts of C02 transport, environmental impacts of C02 release, and policy and legal implications of C 0 2 release.
While there are several important environmental impacts of ocean disposal of C 0 2 , the acidification around the release point may be the most important . However, the size and severity of the impacted area varies substantially with the injection scenario. We have quantified the impacts of various injection scenarios relative to each other through mortality measures. Based on available data, it appears possible to inject CO, into the deep ocean in such a way to yield negligible environmental impacts (Caulfield et nl., 1997) .
The results presented in this paper are just one piece of information that is required in doing a comprehensive analysis of the C02 ocean disposal option. Other important pieces include: effects of the localized impacts investigated here on larger ocean ecosystems as well as larger scale sub-lethal effects caused by larger discharges, benefits of reduced atmospheric C 0 2 emissions in terms of reduced risk of possible climate and ocean ecosystem change, and the cost of ocean disposal compared to altemate mitigation options. By doing objective and comprehensive studies of these issues, we are building a knowledge base that will allow informed decisions to be made if and when more stringent COz emission controls are required.
NEAR FIELD PERTURBATIONS
The most significant impact from ocean disposal of C 0 2 will derive from the lowering of pH which results from the reaction of COz with water. Near the discharge, impacts will depend on the mode of C 0 2 discharge as well as the loading. We evaluated five discharge scenarios: dry ice injected at the ocean surface from a stationary ship. liquid C02 injected between depths of 1000 and 1500 m from a pipe towed by a moving ship and forming a droplet plume.
liquid CO1 injected at a depth of 1000 m from a bottom pipe and forming a droplet plume. a dense C02-seawater mixture injected at a depth of about 700 m forming a bottom gravity current which ultimately places the C02-enriched seawater at a depth of 1000 m. liquid COi introduced to a seafloor depression forming a "deep lake" at a depth of about 4000 m.
Mathematical models were developed to simulate the nearfield physical-chemical perturbations caused by each of these discharge scenarios. Results have been referenced to a conventional 500 MW, coal-fired station with 90% capture efficiency and a 20% energy penalty, which results in C 0 2 emissions to the ocean of 130 kg/s. The models are summarized below.
For the dry ice scenario, each standard plant would produce a cube, 3 m on a side, every 5 minutes; cubes were assumed to be released continuously from a stationary ship in 4000 m of water into a uniform current of 5 c d s . Cube fall velocity and dissolution rate were based on measurements by Nakashiki e l al.
(1991) and a wake-induced diffusivity was added to ambient horizontal diffusion based on Okubo (1971). Undissolved dry ice reaching the seabed was assumed to melt and then behave like a deep lake. A towed pipe scenario has been suggested by a number of Japanese researchers (Ohsumi, 1995) . We assumed that liquid C 0 2 would be released continuously over a depth of 1000 to 1500 m from a ship traveling at 5 m/s. Near-field mixing due to pipe-induced turbulence was added to ambient horizontal diffusion.
For the droplet plume scenario we considered C 0 2 injection from ten closely-spaced nozzles per plant emanating from a bottom-mounted pipe at a depth of 1000 m in an ambient current of 5 c d s . Near-field mixing from each nozzle was simulated by modifying the droplet plume model of Liro el al. (1992) . Lateral spreading due to intrusion in the stratified ocean of the combined IO-port plume was included, and ambient diffusion was simulated based on modification of Brooks' model (1960) .
The dense plume scenario follows the suggestion of Haugan and Drange (1992) and presumes that a method is provided to concentrate the C 0 2 , e.g., through use of a mixing vessel or a gas lift system (Kajishima et al., 1995) , such that the resulting C02-enriched seawater sinks as a gravity current. Our gravity current simulations, based on a modification of Drange ef al. (1993) for application to submarine canyons, suggest that a concentrated release at a depth of 700 to 800 m could reach 1000 m, at which depth the enriched seawater would lift off the bottom and behave similarly to a droplet plume.
The deep lake scenario envisions liquid C02, with density slightly greater than ambient seawater, forming a stable "lake" within a seafloor depression. We simulated the Nishinosima Trough, located off the coast of Japan, using topographic data provided by T. Oshumi (CRIEPI, Abiko, Japan, personal communication). Mass transfer through the hydrate film expected to form at the lake interface was simulated using experimental results from Hirai et al. (1996) based on an overlying current speed of 3 c d s . Both scale-dependent horizontal diffusion and a constant vertical diffusion of 100 cm2/s (based on Nakashiki and Ohsumi, 1993) were simulated using a modification of Brooks' model. Initially, the lake filling rate would exceed the rate of C 0 2 dissolution, meaning the flux of C 0 2 to the water column would be less than for the other scenarios (Le., the C 0 2 would be partially isolated). We evaluated conditions after 50 years, when the simulated rate of dissolution is about 90% of the filling rate for one plant and a little less than 50% for ten plants.
Distance (km) Results clearly indicate that those scenarios designed to disperse the C02 during injection, e.g., the dry ice and the towed pipe, have the least impact. By contrast, the droplet and dense plumes show greater impacl because the diluted seawater is forced to intrude into a relatively narrow (about 20 m) layer in the stratified ambient. Indeed the dense plume, because it must rely on a concentrated C02-seawater solution, has the greatest impact. It should be emphasized that these results pertain to base case parameter assumptions and that a wide range of results have been obtained with different parameter values. For example, in the droplet plume scenario, it is possible to disperse the liquid C 0 2 by releasing it over an extended portion of the pipe, thereby lowering its impact.
BIOLOGICAL IMPACTS
Of crucial importance is our present knowledge of effects of low-pH exposures on deep-water zooplankton. Although there may be other secondary impacts from the CO, plume in addition to direct toxicity of excess hydrogen ion (Knutzen, 1981) , most empirical studies simply involve exposing organisms to low-pH conditions and observing mortality; any secondary effects and 10000 mechanisms of toxicity are indirectly accounted for.
Still there is limited useful information about impacts on deep water marine life. Most studies on the effects of pH on aquatic life have been performed on fish in acidified lakes in response to acid rain concern. And of the available studies on marine zooplankton and benthos, most were performed on relatively shallow-living species for practical reasons. While deep water zooplankton would likely be more sensitive to pH change as they inhabit a more stable environment, data from the shallow species is used to approximate the response of the deep water species.
When the studies are analyzed, it becomes clear that survival in acidic conditions is dependent not only on the pH but very much on the time of exposure as well. Similar dependencies on exposure time were found by Schubel et al. (1978) in working with thermal plumes and by Mattice and Zittel (1976) with releases of defouling biocides, and much of these authors analysis methods are relied upon here. This exposure time dependence becomes apparent in Figure 3 , in which the percentages of organisms suffering mortality (over the control rate) given the pH and exposure time conditions are plotted for each test condition within each study.
Represented in these studies are larvae of benthic and nektonic species, crustaceans, and benthic organisms. These groups make up the majority of zooplankton biomass and thus the combination of the studies in Figure 3 are used as roughly representative of zooplankton.
We focused on zooplankton, excluding nekton (because we assumed they would avoid regions of stress) and phytoplankton (because the C02 from most scenarios would be sequestered at depths below significant phytoplankton abundance). Data from this figure were used to fit isomortality curves (e.g., an L C~O curve connects data for 50% mortality). To account for reproductive and sublethal effects, and the fact that deep-water organisms may be more sensitive to pH than the shallow organisms used in most studies, the curves were lowered by 0.25 pH units. Since organisms in the field would experience a time-varying pH, we discretized the varying experience into time intervals of constant pH which could be added on the assumption that discrete experiences producing the same individual mortality are equivalent (Auerbach et al., 1997) . The relative position of an organism to the centerline of plume concentration will also vary with time due to ambient turbulence. This variability was handled through a Monte Carlo approach in which individual organism paths were simulated with a random walk routine based on the same scale-dependent diffusion (Okubo, 1971) used to describe plume spreading . To account for the fact that relatively unstressed organisms will reproduce, allowing depleted populations to recover once the stress is removed, a logistic equation for density-limited population growth was used based on a growth rate for copepods. Population recovery was allowed to begin when the pH reached 7.35, with full recovery at pH 7.5. As an example, Figure 4 shows a spatial map of zooplankton mortality for the one plant droplet plume. Results for all scenarios are summarized in Figure 5 which displays integrated mortality (the equivalent volume of seawater with 100% mortality) and the peak spatial deficit. Note the non-linear scale dependence: the magnitude of the mortality from ten plants can be more than 100 times greater than that from one plant, again implying that nearfield impacts can be reduced by dispersing the emissions. Qualitatively, the results concerning mortality reinforce those made based on physical perturbation -Le., those scenarios that disperse the C 0 2 have least impact -but the quantitative comparisons are different. In addition to water column effects, the deep lake, dry ice and dense plume scenarios will impact benthic communities. The towed pipe scenario targets a range of water depths and hence is able to avoid impact at the ocean floor. As modeled in this study, the droplet plume also distributes COz only to intermediate water depths; however, depending on design and location, a sinking droplet plume could impact the ocean floor. We assumed that lowered pH will affect benthic organisms according to Figure 3 . Because benthic organisms are stationary, the toxicities were evaluated by extrapolating the curves to 1000 hours. Results are displayed in Figure 6 . Areas of bottom impact shown in Figure 6 are based on an integration of area as a function of pH weighted by the fractional mortality of organisms at that pH. In addition, for the deep lake, the bottom area of the lake is also included. 
CONCLUDING COMMENTS
The major environmental impact of ocean COz disposal would derive from the lowering of pH caused by the reaction of C 0 2 with seawater. Depending on the method of release, pH can be reduced to as little as about 4 very near the injection point from its ambient value of about 8.
Impacts would be felt primarily by those organisms which reside at depths of 1000 m or greater and are unable to avoid regions of low pH near the point of injection (e.g., zooplankton, bacteria and benthos). In comparison with the size of the world's oceans, the areas of acute impact would be very small for all injection scenarios. Nonetheless, there would be significant differences among scenarios, with the least impact predicted from those methods which disperse the COz as it is being injected and which keep it off the seabed. Based on available data, it appears possible to design a discharge system which effectively eliminates mortality by spreading the C 0 2 sufficiently in either the vertical or horizontal directions, e.g., by
releasing it from either an inclined pipe towed by a moving ship or from multiple ports distributed along a fixed pipe laid on the seafloor. An important aspect not addressed in this paper is the far field impact of ocean COz disposal. At basin to global scales, the impacts are less dependent on the type of release, but may reflect the release location (Dewey, et al., 1997) Even with business-as-usual emissions of C02 to the atmosphere, the average pH of the worlds oceans may ultimately decline by about one-half of a pH unit as our reserves of fossil fuels are consumed . Direct injection of C 0 2 will affect these perturbations by slightly increasing the pH change at depth, while slightly mitigating the change in the surface waters (Haugan and Drange, 1995) . While such perturbations are below thresholds of acute toxicity identified in our near field studies, they could lead to chronic impacts involving species reproduction, community structure, etc., which may be difficult to quantify.
